ABSTRACT. Tectonic uplift is one of the key factors controlling the supply of material to weathering environments. At present however, there is debate about whether tectonics or climate plays a larger role in controlling chemical weathering rates on a global scale over geologic time. We measured riverine weathering fluxes from twelve catchments along the Skykomish River in the Washington Cascades, where long-term exhumation rates have been constrained by (U-Th)/He thermochronometry, to examine the effect of tectonic uplift on chemical weathering rates. We show that in the western Washington Cascades, dissolved Si fluxes increase from approximately 1900 to 3000 mol ha ؊1 yr ؊1 from west to east across the range and are correlated with rock exhumation rates. We use dissolved Si flux data from these catchments, depth to bedrock measurements, and long-term exhumation rates to test a steady-state weathering model that describes the relative importance of reaction kinetics and rock supply on weathering rates. Characterization of study basins with respect to two key variables in this model, weathering zone depth and exhumation rate, allows us to examine the relative effects of climate and tectonics on chemical weathering by analyzing the ratio of the timescale of reaction kinetics and the residence time in the weathering zone. Evaluation of this model shows that chemical weathering rates in the Cascades are controlled by the rate of rock erosion and factors that influence the depth of the active weathering zone. However, the model predicts that in tectonically inactive areas, the supply of material limits the overall rate of chemical weathering while in active tectonic or erosional environments, the rate of supply exceeds the ability of a system to weather that material resulting in a landscape in which weathering rates are expected to respond strongly to changes in climatic conditions.
Tectonic uplift and climate are two key components in the global regulation of chemical weathering rates over geologic time (Berner and others, 1983) . These parameters influence the rate of supply of rock to a landscape through rock erosion as well as the chemical processes in a weathering zone and the residence time of material within the weathering environment. As a result, on long timescales, chemical weathering rates may be strongly coupled to physical erosion rates and thus mountain uplift (Stallard and Edmond, 1983) , and it has been argued that tectonic uplift of the earth's surface is the primary mechanism for regulating the intensity of global silicate weathering rates and the consumption of atmospheric CO 2 over time (Raymo and others, 1988; Raymo and Ruddiman, 1992) .
In an effort to understand the relationship between tectonic uplift, erosion and chemical weathering, a number of recent studies have examined the effect of rock supply on chemical weathering rates (Riebe and others, 2001a; Jacobson and others 2003; Riebe and others, 2004a; Waldbauer and Chamberlain, 2005; Chamberlain and [American Journal of Science, Vol. 307, November, 2007 , P. 1041 -1063 , DOI 10.2475 /09.2007 others, 2005; West and others, 2005) . These studies show that landscapes characterized by rapid erosion display high chemical weathering fluxes, primarily as a result of a strong coupling between physical and chemical erosion rates (Riebe and others, 2001b) . This coupling between tectonics, erosion and chemical weathering is demonstrated in field studies (Riebe and others, 2001a (Riebe and others, , 2003 (Riebe and others, , 2004a and global compilations of riverine Si and base cation fluxes and is supported by models that emphasize the role of tectonics in chemical weathering (West and others, 2005) . Chemical weathering models and field data suggest that in steady-state weathering environments, chemical weathering rates should correlate strongly with physical erosion rates and only weakly with climate others, 2001a, 2004a) and weathering fluxes should be directly proportional to the rate of supply of weatherable material in regions limited by the rate of removal of material from a system West and others, 2005) .
To further explore the relationship between chemical weathering and rock uplift we examined dissolved riverine Si and base cation fluxes in the Washington Cascades. We chose this area to test predictions of a steady-state weathering model Chamberlain and others, 2005) because recent measures of apatite (U-Th)/He ages provides a detailed record of the long-term exhumation history of the Washington Cascades range on a landscape scale others, 2002, 2003) . The steady-state chemical weathering model of Waldbauer and Chamberlain (2005) predicts that chemical weathering should be coupled to long-term exhumation rates, which is observed in global compilations of dissolved riverine Si fluxes. However, whether this model applies to smaller-scale catchments is unknown. Therefore, we measured dissolved riverine Si fluxes from twelve catchments across climatic and tectonic gradients in the Skykomish River in the western Washington Cascades. This region is ideal for such a study because: 1) we can control for the effects of bedrock composition on weathering rates by sampling only catchments underlain by rocks of bulk granitic/granodioritic composition; 2) this drainage has a number of historic and actively gauged streams which allows us to convert Si concentrations to fluxes; 3) precipitation patterns and temperature gradients in this drainage system are reasonably well known; and 4) there is extensive information on rock exhumation for this area others, 2002, 2003) . Our analysis of weathering fluxes from the Washington Cascades shows that as predicted by models of steady-state weathering and weathering studies from mountainous areas with high erosion rates (Riebe and others, 2001a (Riebe and others, , 2001b (Riebe and others, , 2004b , Si fluxes correlate with long-term erosion rates and weakly or not at all with climatic variables.
methodology

Criteria for Selection of Catchments Within the Skykomish River Drainage
We collected stream waters from twelve catchments in the Skykomish river drainage in the western Washington Cascades in 2003-2004 ( fig. 1 ). These catchments were selected based on two criteria. First, the catchments were all underlain by rocks of primarily granitic or granodioritic composition. While the dominant bedrock type underlying the Skykomish River catchment consists of large Neogene plutons of primarily granodioritic composition, also found within this catchment are Paleozoic and Mesozoic sediments consisting largely of argillites and graywackes with lesser amounts of metamorphosed gabbros, marbles, and felsic volcanics (Tabor and Crowder, 1969; Tabor and others, 1993) . We specifically avoided catchments with abundant marbles and gabbros. Second, we sampled catchments across the exhumation gradient as given by others (2002, 2003) . Apatite and zircon (U-Th)/He ages from plutons throughout the Skykomish catchment and across the western and central Cascades show that long-term (10 6 to 10 7 years) exhumation rates vary significantly within the orogen, with the highest exhumation rates occurring west of the crest of the Cascades others, 2002, 2003) . We were able to sample across much of this exhumation gradient by selecting catchments near the crest of the Cascades and catchments well west of the crest.
Data Collection and Analysis
Water samples were collected at the edge of the stream channel in swift-flowing water four times from December 2003 to August 2004 at approximately 3-month intervals, to capture seasonal variations in solute concentrations during high and low flow conditions. Water samples were collected in acid washed HDPE vials and filtered with Whatman 0.45 m filters. Stream pH was measured on site with an Accument AP-61 pH meter and alkalinity measurements were made by Gran titration with HCl soon after sample collection. Accuracy of pH measurements is within Ϯ 0.05. We analyzed stream waters for Si and major cations on an inductively-coupled plasma atomic emission spectrometer at Stanford University. Anion data was collected on a Dionex Ion Chromatograph using an AS-4A SC column. Analytical uncertainty for these analyses is within Ϯ 5 percent for all solute measurements. Sampling locations, timing, and solute data is given in ) provides a means of evaluating the quality of chemical analyses. For most samples analyzed, the balance between total cationic and anionic charge is within 15 percent, which is close to the expected uncertainty for solute measurements.
Climatic Data for Individual Catchments
To examine the effect of climatic factors on chemical weathering rates, we generated mean annual precipitation and temperature grids for the Skykomish basin from monthly precipitation and temperature data available from the Spatial Climate Analysis Service, Oregon State University, and sampled to 1 km 2 . The maximum variability in precipitation over the study area ranges from less than 200 cm yr Ϫ1 in the lowest, westernmost portions of the basins, to nearly 350 cm yr Ϫ1 in areas of peak precipitation. For the catchments of interest, modeled basin mean precipitation ranges from 220 cm yr Ϫ1 to 265 cm yr Ϫ1 . It is important to note however, that in the Skykomish basin, monthly precipitation models show that peak precipitation does not correspond directly to elevation and the areas of highest precipitation lie to the west of the topographic crest of the Cascades.
Maximum and minimum mean annual temperatures over the areas of study range from 0°C at the highest peaks to approximately 10°C in the western portions of the watershed. The lowest mean annual temperatures occur in the regions of highest elevation. Mean annual basin temperatures range from 4 to 7°C for the study catchments and generally correspond with basin elevation. The climate data are given in addition to atmospheric corrected Si and cation fluxes in table 2. Importantly, both precipitation and temperature data for the studied catchments are generated from spatial climate models sampled to 1 km 2 . Because our catchments are generally small, downsampling climate models to 1 km 2 may introduce a degree of error to precipitation or temperature estimates for the smallest of our basins.
Catchment Discharge and Riverine Elemental Fluxes
Quantifying basin-wide chemical weathering rates from riverine solute concentrations requires estimates of total yearly stream discharge and accurate measures of stream water chemistry. In many instances, estimates of total water fluxes can be calculated from measurements of total annual precipitation or runoff. However, in areas where precipitation can be in the form of rain or snow, peak discharge does not always coincide with peak precipitation. We chose the Skykomish basin in the Washington Cascades to examine the role of climate and tectonic uplift on chemical weathering fluxes in part because there are a number of historic and actively gauged streams within this catchment that can be used to generate discharge/drainage area relationships to calculate stream discharge at each water sampling location.
The hydrograph for the Skykomish River shows that there are strong seasonal differences in discharge ( fig. 2 ). Discharge peaks during the months of April to early June, and is generally at its lowest during the months of July to September. However, short-duration high discharge events are also evident in the stream hydrograph at other times of the year, such as in heavy rain periods in November. Using the stream hydrograph, we divided the year into four distinct periods of stream flow for water sampling: Jan-Mar, April-Jun, July-Sept, and Oct-Dec. We used records of daily discharge from twelve USGS stream gauging stations in the Skykomish basin that span a range of east-west locations, elevations and climatic regimes to calculate the mean stream discharge for each three-month period for the gauged stations. These threemonth mean seasonal discharges were then used to calculate basin-wide discharge/ drainage area curves for the Skykomish catchment. Using the catchment drainage area of each of our stream sample locations we calculated the seasonal mean, and threemonth total river discharge for our water sampling sites. The three-month seasonal discharges used to generate flux measures are included in table 1. The R 2 value for the fit of these seasonal relationships are Ͼ0.90 for winter, spring, and summer periods and 0.86 for fall, which attests to the strength of this approach. USGS river gauging stations used in this calculation are shown in figure 1 and include: USGS 12130500 South Fork Skykomish River near Skykomish, Washington, USGS 12131000 Beckler River, USGS 12132000 Miller River, USGS 12133500 Troublesome Creek near Index, Washington, USGS 12134000 North Fork Skykomish at Index, Washington, USGS 12135000 Wallace River at Gold Bar, Washington, USGS 12135500 Olney Creek near Gold Bar, Washington, USGS 12136000 Olney Creek near Startup, Washington, USGS 12136500 May Creek near Gold Bar, Washington, USGS 12137290 South Fork Sultan River near Sultan, Washington, USGS 12137500 Sultan River near Startup, Washington, USGS 12129000 Tye River near Skykomish, Washington. We were unable to sample one location (MH-9) during the December 2003 sampling period due to inaccessibility and as a result, we used the mean solute concentrations of the other three sampling periods and the Oct-Dec discharge to estimate this seasonal and annual riverine weathering flux. This method is appropriate for this sampling location because at this site, stream waters exhibit little variability in solute concentrations throughout the three seasonal sampling periods.
Annual evapotranspiration in the Skykomish catchment may be as much as 350 mm yr Ϫ1 (Tangborn and Rasmussen, 1976) , which is greater than ten percent of total calculated 2003-2004 basin precipitation. However, calculated annual discharges produced from the discharge/drainage area relationships are approximately equal to total annual precipitation estimates for each basin from PRISM climate models. The closeness of these values likely results from uncertainties in the downsampling of climatic data to the size of individual basins and in comparing precipitation models of 2003-2004 with stream discharges calculated from long-term discharge/drainage area relationships. Despite this, the maximum variability in long-term (1928 -2004) annual discharge of the Skykomish River at Gold Bar, Washington is 22 percent. Thus, it may be reasonable to assume that error in calculated annual discharge for each location is likely not greater than the maximum variability observed in annual discharge over the past 76 years of record.
Depth to Bedrock
To examine whether chemical fluxes exhibit any correlation with the mean depth to bedrock within a given catchment and to test a steady-state weathering model that requires estimates of weathering zone depths , we measured the depth to bedrock at 225 locations throughout the Skykomish basin. The goal of this measurement was to develop a reasonable, if imperfect, measure of the depth of the zone from which chemical weathering products are derived. While the depth of the zone of active rock weathering may extend several meters below the rock/soil interface and the weathering of rock below the layer of soil colluvium can contribute a significant percentage of all dissolved ions for some bedrock types (White and others, 1998; Anderson and others, 2002) , much of the chemical weathering in terrain underlain by graywacke has been shown to occur in the soil and saprolite (Anderson and others, 2002) . In addition, weathering studies at Rio Icacos, Puerto Rico, show that a significant portion of weathering occurs in a shallow zone near the saprolite/rock interface (White and others, 1998) . Thus, the depth to bedrock provides a relative measure of the thickness of the zone in which the bulk of rock weathering occurs, and is more readily quantifiable across a catchment than the total depth of the zone of leaching. As such, depth to bedrock measurements in this study include soil colluvium and saprolite where present, but do not include regolith. To assess basin-wide depth to bedrock, measurements were taken from valley sides and bottoms, forested hill slopes and steep mountain sides and were made from soil pits, soil cores or exposed soil-rock surfaces at road cuts or landslides. Because of difficulties in accessing the steep-sloped areas of open rock faces and mountaintops, our soil depth dataset does not include any zero depth measurements. Using Digital Elevation Models we compared measured depth to bedrock with hillslope angle, surface curvature, and elevation in an attempt to extrapolate depth over the landscape.
Although previous studies have shown soil depth to correlate with hillslope curvature (Heimsath and others, 1997) , in this catchment, depth to bedrock showed the strongest relationship with local hillslope angle. This may result from a lack of detailed hillslope curvature data due to the 30 m resolution of our Digital Elevation Models. As a result, the relationship between the log of local slope and depth to bedrock was used to determine the weathering zone depth across a catchment ( fig. 3) . Depths from each 30 by 30 m portion of a catchment were then used to generate catchment mean depth to bedrock measures. Modeled basin mean depth to bedrock ranges from 25 to 40 cm throughout the analyzed catchments (table 2) and is correlated with basin mean temperature, precipitation, and exhumation rate. Depths decrease with increasing basin elevation and cold temperatures, and are greater in basins with low rates of long-term exhumation and higher precipitation ( fig. 4) . One difficulty in generating reasonable estimates of depth to bedrock throughout our catchments is that in some areas of the Cascades, the layer of soil colluvium and saprolite may be much deeper than several meters (Anderson and others, 2002) . In the absence of obtaining drill cores throughout the catchment, it is difficult to quantitatively characterize areas where soils are significantly greater than 1 m depth. As such, our model of depth to bedrock across the landscape may be biased towards underestimation of the basin average depth to bedrock. Indeed, we were unable to measure the full depth to bedrock in areas where this exceeded 1 m, which comprised roughly 20 percent of our measurements. However, as seen in the broad relationship between the log of the depth to bedrock and local slope ( fig. 3) , most of the regions with depths 1 m or greater are areas with low slope, such as valley sides and floodplain areas.
Although our measures of basin average depth to bedrock may systematically underestimate the true depth of zones from which all chemical fluxes are derived, it is likely that the measures of mean basin depth to bedrock for the twelve catchments are reasonable estimates for several reasons. First, most of the Skykomish basin is character- Fig. 4 . Calculated basin mean depth to bedrock against (A) basin mean temperature, (B) basin mean annual precipitation (cm), and (C) basin mean exhumation/erosion rate. Depth is most strongly correlated with temperature and basins with higher mean annual temperatures are characterized by greater thicknesses of soil colluvium and saprolite.
ized by steep slopes, thin soils, and minimal or thin saprolite (Ͻ80 cm). Second, steep sloped areas comprise the largest percentage of areas in the studied catchments. In our calculated model of depths, depth to bedrock ranges from 0 to 2.5 m over the land surface and predictably decreases on high elevation, steep sloped surfaces, and reaches maximum depth on valley bottoms. Third, our modeled depths are in good agreement with depth to bedrock measures for Skykomish, Marblemount, and Blethen series soils (65 -115 cm) for the Skykomish area (Soil Survey Report of Snohomish County, 1983). They are also similar, though generally lower, than studies from a small catchment underlain by graywacke in the southern Cascades that has a mean soil colluvium depth of 0.7 m and overlies saprolite with an average thickness of 0.23 m (Anderson and others, 2002) . Our depth estimates are lower than these because our study area is underlain primarily by less easily weathered granodiorite bedrock, has lower mean annual temperatures, and many of our catchments have large areas (km 2 ) of exposed bedrock with modeled depths of 0, all of which support relatively low mean depth to bedrock in our basins. Thus, while we acknowledge that the error in the depth to bedrock model at any point in the landscape may be large, particularly in valley bottoms, when averaged over the area of study, errors in these measurements are reduced and basin average depth to bedrock estimates are likely reasonable characterizations of relative differences in depth to bedrock in the studied catchments.
Long-Term Catchment Exhumation Rates
To examine the relationship between long-term tectonic uplift/exhumation and chemical weathering, we calculated landscape-wide long-term exhumation/erosion rates from published apatite (U-Th)/He data others, 2002, 2003) using the methods outlined in Brandon and others (1998) and Reiners and others (2003) . We extrapolated calculated point erosion rate measurements across the length and width of the Cascades using a kriging algorithm with a spherical model variogram to construct a map of long-term erosion rates in the area. Thus, with the assumption of steady-state the inferred exhumation rate may be equated with rock uplift rate (U) at each point in the Skykomish watershed. Calculated long-term exhumation rates range from 0.05 to 0.33 mm yr Ϫ1 over the Cascade range near the Skykomish basin ( fig. 1 ; Reiners and others, 2003) , however average rates of exhumation for each of the twelve studied catchments range from 0.06 to 0.17 mm yr Ϫ1 (table 2; fig. 5A ). Potential uncertainty in calculated exhumation rates is derived from uncertainty in geothermal gradients, apatite (U-Th)/He measurements, and topographic effects on bending isotherms. As reported by Reiners and others (2003) , maximum error in spot exhumation rates from topographic effects is 9 to 14 percent. Uncertainty in these measures is compounded by error in the geothermal gradient for very young (U-Th)/He ages (Reiners and others, 2003) , and extrapolation of spot exhumation rates across our catchment.
results
Solute Data
Stream waters from the Skykomish catchments contain relatively dilute concentrations of base cations and anions. In general, the Total Dissolved Solids (TDS ϭ Ca 2ϩ ϩ Mg 2ϩ ϩ K ϩ ϩ Na ϩ ϩ Si ϩ Cl Ϫ ϩ NO 3 Ϫ ϩ SO 4 2Ϫ ϩ HCO 3 Ϫ ) for these streams range from 8 mg L Ϫ1 to 44 mg L Ϫ1 . The pH of most streams are generally circumnuetral, although several sample sites have relatively low pH, from 6.1 to 6.4. Streams show a range of variability in water pH throughout the year, and some sampling locations show up to 0.5 to 0.6 pH unit differences between seasonal sampling periods. However, no clear trend is observed in seasonal pH in these samples (table 1) .
In general, Ca 2ϩ is the dominant cation in the tributaries along the Skykomish, contributing nearly 50 percent of cations on a molar basis. Na ϩ is the next most 1051 weathering rates in the Washington Cascades: Field measurements and model predictions abundant (30%), followed by Mg 2ϩ (15%) and K ϩ (5%). HCO 3 Ϫ is the most common anion in the streams analyzed, comprising on average more than 75 percent of total anions on a molar basis in stream samples. Cl Ϫ and SO 4 2Ϫ also make up significant portions of the total anionic contribution (15% and 7%, respectively) and NO 3 Ϫ comprises only a minor portion of total anions.
In some systems, variations in solute concentrations with discharge can impart a significant degree of uncertainty in annual flux estimates because solute concentrations at any point in time may not necessarily reflect long-term average concentrations or the concentrations of solutes during peak discharge events. This is particularly important in basins characterized by "spikiness" in discharge records. Measured variations in solute concentrations are smallest for Si, and considerably larger for other major ions. In general, the variations in dissolved Si concentration are less than 50 to 60 percent between peak and minimum concentrations, 100 percent for Ca 2ϩ , 140 percent for Na , and 200 to 300 percent for K ϩ . These variations in solute concentrations of Cascades rivers likely result from seasonal changes in the proportion of stream waters that are derived from alpine areas, forested colluvial slopes, and near-channel wet areas (Dethier, 1988) . Ideally, more frequent stream sampling could reduce the error imparted by uncertainties in long-term solute concentrations. Despite this, we are confident that the four sampling periods used to construct annual flux measures provides a reasonable estimate of the yearly variations in concentrations because: 1) our sampling periods covered the high and low flow portions of the hydrograph throughout the four seasons; 2) seasonal variations are reasonably small for dissolved Si which is used here as a measure of total silicate weathering rates; 3) catchment studies in the Oregon Cascades suggest that water residence time within a catchment is ϳ2 months and thus, short-duration storm events are likely to displace only a small fraction of stored water, generating a runoff chemistry that is dominated by old water with limited variability of runoff composition (Anderson and Dietrich, 2001) ; and 4) Cascade rivers generally show poor concentration/discharge correlations (Dethier, 1988) .
Chemical Weathering Fluxes and Correction for Atmospheric Contributions
Chemical weathering fluxes were calculated by multiplying dissolved riverine cation concentrations for each sampling date by the calculated three-month discharge. Total annual dissolved fluxes were then calculated by summing the dissolved flux from all four sampling periods. Total chemical weathering fluxes and dissolved silica fluxes are calculated as follows: 1) three-month, W chem seasonal ϭ C Si Q seasonal ϩ C Ca Q seasonal ϩ C Mg Q seasonal ϩC Na Q seasonal ϩ C K Q seasonal , where C is the concentration of individual solutes for a given sampling time and Q seasonal is the three-month discharge, and W chem ϭ sum of all four three-month seasonal fluxes; and 2) W Si seasonal ϭ C Si Q seasonal and W Si is then summed for all three-month seasonal sampling periods.
Dry and wet atmospheric deposition of solutes can contribute a significant amount of cations and anions to a catchment. As a result, accurate estimates of the total flux of solutes from the weathering of silicate rocks requires correction for atmospheric deposition. We corrected for this using measured values collected from the North Cascades National Park Marblemount Ranger station (WA19), which is located ϳ50 km to the north of the Skykomish River basin. Direct monthly atmospheric deposition has been measured at this site over a period of fourteen years, including the 2003 to 2004 period of sample collection. Atmospheric contributions of Ca 2ϩ , Mg 2ϩ and K ϩ are roughly constant over the fourteen year record of deposition and account for ϳ15 mol Ca ha Ϫ1 , 9 mol Mg ha Ϫ1 , and 4.5 mol K ha Ϫ1 per year on average. As a result, major cation fluxes are corrected for atmospheric deposition by subtracting the yearly totals (mol ha Ϫ1 ) for the 2003 to 2004 period of stream sampling from each basin. However, over the fourteen year record of atmospheric deposition measurements, total annual atmospheric contribution of sodium is directly proportional to the annual rainfall and follows the empirical relationship Na (mol ha Ϫ1 yr Ϫ1 ) ϭ 0.87 ϫ precipitation (cm) Ϫ66.5. To correct our measured Na fluxes for atmospheric additions, we used the basin average annual precipitation and this empirical relationship. With the exception of Na, these additions comprise at most a few percent of the total annual elemental flux for each basin. No correction was made for atmospheric contributions of Si, as atmospheric contributions of this are generally very low. Si and major cation fluxes are given in table 2.
W chem provides a measure of the total rate of chemical weathering and is a useful tool for understanding the coupling of chemical and physical denudation. However, we are primarily interested in the chemical flux derived only from the weathering of silicate minerals because over geologic time, the weathering of Ca-and Mg-silicates contributes to the long-term consumption of atmospheric CO 2 when coupled with carbonate precipitation in the oceans (Urey, 1952) . Dissolved Si fluxes are not affected by the weathering of carbonate minerals and are therefore, useful as a measure of silicate weathering rates in terrains with mixed lithologies (Edmond and Huh, 1997; Waldbauer and Chamberlain, 2005) . K ϩ and Na ϩ concentrations can also be a measure of silicate weathering rates, however we did not use these cations in our calculations because K ϩ concentrations are relatively low and show a wide seasonal variability and Na ϩ concentrations in these streams are strongly influenced by atmospheric deposition (up to 25%). In addition, we were unable to assign silicate weathering fluxes to specific silicate minerals such as plagioclase and biotite, as has been done in other studies (Jacobson and others, 2003) . This is due to the fact that the bedrock in the Skykomish basin contains minor amounts of pyroxene-and Ca/Naamphibole-bearing amphibolites which when weathered change the Ca/Na ratio of stream waters, and this ratio is used to determine the role of plagioclase weathering (Jacobson and others, 2003) .
Total chemical weathering fluxes (W chem ) from the twelve catchments are universally high, ranging from ϳ5100 mol ha Ϫ1 yr Ϫ1 to greater than 8800 mol ha Ϫ1 yr Ϫ1 (table 2) . However, there is no apparent relationship between total weathering flux and catchment average exhumation rate, elevation, depth to bedrock, and/or temperature. Surprisingly, W chem has a weak negative correlation with basin mean precipitation that is counter to the results of a number of studies that show that runoff is the dominant control on weathering fluxes (Dunne, 1978; White and Blum, 1995) . Moreover, the large scatter of total chemical weathering rates (W chem ) observed within the Skykomish catchment is largely controlled by the Ca 2ϩ and Mg 2ϩ concentrations (table 1), which vary widely between individual streams.
In the twelve tributaries, dissolved Si fluxes range from ϳ1900 to 3000 mol ha Ϫ1 yr
Ϫ1
with the highest fluxes occurring in the region of highest tectonic uplift/long-term erosion (table 2; fig. 5 ). Annual dissolved Si fluxes (mol ha Ϫ1 yr Ϫ1 ) show a general increase with distance eastward ( fig. 5B ; relative to a UTM easting of 504645 as used by Reiners and others, 2003) and weak or no correlation with basin mean precipitation, temperature, or elevation (figs. 5C, 5D, and 5E). 
Climate, Exhumation, and Chemical Fluxes
Numerous studies show that temperature and precipitation are important regulators of chemical weathering rates (Velbel, 1993; Brady and Carrol, 1994; White and Blum, 1995; Gaillardet and others, 1999; Oliva and others, 2003) . However, W chem and W Si show no clear relationship with temperature and both appear to exhibit no or a weak negative correlation with precipitation. With respect to W chem , this may be due in part to the weathering of trace amounts of carbonate minerals in the catchment. This can impact dissolved cation fluxes due to the fact that the dissolution rate of carbonate is several orders of magnitude greater than plagioclase (Chou and others, 1989; Blum and Stillings, 1995) . This has been shown to be a significant source of dissolved Ca 2ϩ and Mg 2ϩ in other studies of tectonically active weathering environments (Blum and others, 1998; Jacobson and others, 2003) and in studies of the Washington Cascades (Dethier, 1986; Drever and Hurcomb, 1986; Dethier, 1988) . However in general, the lack of correlation between climatic parameters and W chem or W Si , suggests that a number of factors may mask or overprint climatic effects on dissolved chemical fluxes in the Skykomish catchment. Several possible factors are: 1) the difference in basin averaged mean annual temperatures and precipitation in this study area is not large enough to generate significant measurable differences in chemical weathering rates; 2) dissolution of trace carbonates throughout the basins may have a strong impact on measured Ca 2ϩ and Mg 2ϩ fluxes and thus mask climatic signals in weathering fluxes; or 3) variations in erosion/exhumation rates across the studied catchment exert greater control over chemical weathering rates in this area than climatic variables, which has the effect of masking temperature or precipitation effects on dissolved weathering fluxes. Indeed, dissolved Si fluxes from the Skymomish are correlated with long-term basin erosion rates (R 2 ϭ 0.67; excluding outlier . This agrees with a number of datasets that show that silicate weathering rates are strongly controlled by exhumation rate (Gaillardet and others, 1999; others, 2001a, 2001b; Millot and others, 2002; Riebe and others, 2004a) and are proportional to the rate of supply of rock in transport-limited weathering environments, with climatic effects superimposed on tectonic or supply controls (West and others, 2005) . Importantly however, one catchment (MH-17) exhibits particularly low dissolved Si fluxes despite high rates of erosion. This catchment is characterized by the highest rates of exhumation, high mean elevation, and cold temperatures. However, portions of this basin may be underlain by quartz-rich sandstone, which could account for the generally low rates of silicate weathering in this drainage.
Steady-state weathering models suggest that the depth of the zone of weathering and the rate of rock uplift are important predictors of silicate weathering fluxes. While climatic parameters do not exhibit clear relationships with total chemical weathering fluxes or total dissolved Si fluxes, temperature, precipitation, and the rate of erosion all show weak relationships with the depth to bedrock in the study catchments. Calculated depth to bedrock is most correlated (R 2 ϭ 0.41) with basin mean annual temperatures, and basins with higher temperatures exhibit the highest mean basin depths. Several factors may account for this relationship. First, catchments with lower mean elevations tend to have less area covered by steep-slopes and exposed bedrock and are thus more likely to be characterized as zones of sediment accumulation. Second, temperature is an important factor in biological productivity and thus plays an important role in the rate of generation of organic material. Finally, laboratory-weathering studies show the temperature dependence of mineral dissolution rate constants by an Arrhenius equation:
where k is the rate constant, k o is the preexponential factor, and E a is the apparent activation energy of dissolution. Thus, higher temperatures can influence mineral dissolution rates in the field and the rate of formation of weathering products.
In contrast with weathering zone depth and temperature relationships, basin mean depth to bedrock shows a weak negative or no correlation (R 2 ϭ 0.33) with mean annual basin precipitation and long-term exhumation rate (R 2 ϭ 0.27). This may be due to the fact that high elevation sites with steep slopes and high precipitation are also generally characterized by lower temperatures and subject to more frequent landslides than lower elevation sites. However, scatter in the data makes it difficult to determine more specifically the link between precipitation, temperature, and erosion rates and depth to bedrock in these areas.
Steady State Chemical Weathering in the Washington Cascades
We undertook this study to explore the concept of steady-state chemical weathering in an area that has been proposed to be in physical steady state (Reiners and others, 2003) . Specifically, we apply dissolved Si flux data from the Skykomish basin in concert with estimates of basin depth to bedrock and long-term exhumation rates to calibrate and test a model of steady-state weathering on a landscape scale ). This model is described in detail below. Separation of two key variables in this model (weathering zone depth and uplift rate) allows us to quantitatively define supply-and reaction-limited weathering regimes and show that chemical weathering rates in the western Washington Cascades are controlled primarily by differences in the rate of rock supply with climatic controls (through partial regulation of weathering zone depth and kinetic rate constants), superimposed on this.
Although our first-order interpretation suggests that steady-state chemical weathering provides a reasonable approximation of observed chemical fluxes in the Skykomish basin, we realize that there are several potential flaws in this interpretation. First, whether or not a landscape is in chemical steady state, or for that matter, physical steady state, is at best, difficult to prove. Certainly there are both spatial (see for example Green and others, 2006) and temporal scales at which the concept of steady-state chemical weathering does not apply. For example, a direct comparison of weathering fluxes based on measurements of riverine chemistry could reflect processes that occur on very different timescales than long-term exhumation rates. Chemical fluxes measured from rivers may record processes that occur over times scales from 1 to 10 4 years such as logging, landslides and glaciation, whereas long-term exhumation measures record processes occurring over millions of years. Indeed, the Skykomish catchment was affected by alpine glacier erosion during the Quaternary and large-scale glaciation of the Cascade Range is thought to play a significant role in controlling the topographic and exhumation history of this range over the past million years (Mitchell and Montgomery, 2006) . Work by Anderson (2005) demonstrates that glaciers show a direct linkage between erosion rate and chemical weathering fluxes as a result of the production of large volumes of weatherable material with high surface area. Thus, it is possible that modern weathering fluxes in the Skykomish basin record transient weathering phenomena that is out of equilibrium with the long-term glacial climate and exhumation history of the Skykomish catchment. However, dissolved Si fluxes correlate with (U-Th)/He measures of long-term erosion, which agrees with work by a number of authors who show that in large river basins and at the orogen scale, weathering rates correlate with long-term tectonic uplift/erosion and the residence time of rock in a zone of weathering (Jacobson and others, 2003; Waldbauer and Chamberlain, 2005; Chamberlain and others, 2005) . This is likely because most riverine weathering flux measurements average weathering rates over an entire catchment, which can minimize the effect of local disturbances on overall weathering fluxes. Second, chemical steady-state and physical steady-state do not have to be linked. Numerical models suggest that physical steady-state in active mountain belts may occur over millions of years (Willet and others, 2001 ), whereas chemical steady-state, which may be defined as a state in which the rate of generation of product with respect to the introduction of reactant to the weathering system is constant on a basin-scale, is likely to be achieved at far shorter time-scales. However at present, the time-scales for reaching chemical steady-state are unknown. Given these caveats we examine how the steady-state chemical weathering model of Waldbauer and Chamberlain (2005) applies to the Skykomish basin. weathering rates in the Washington Cascades: Field measurements and model predictions Waldbauer and Chamberlain (2005) provide a model for examining the chemical flux from a landscape in which the residence time of material within the zone of active weathering is a key control of overall chemical weathering rates. In this model, rock uplift is balanced by the combined rate of chemical and physical erosion. For a system in both physical and chemical equilibrium within the weathering zone (residence time in the weathering zone ϭ Z U Ϫ1 ), the flux of the weathered product from the landscape (F pi [mol m Ϫ2 s Ϫ1 ]) is described by:
where r i is the ratio of product to reactant (determined by reaction stoichiometry), q oi is the concentration of the reactant mineral in unweathered bedrock, U is the rate at which fresh bedrock is moved into the weathering zone and is assumed equal to the rate of erosion (m s Ϫ1 ), A i (m 2 mol Ϫ1 ) is the specific mineral surface area available to the chemical reaction, k i (mol m Ϫ2 s Ϫ1 ) is a kinetic rate constant, and Z (m) is the thickness of the active weathering zone and is assumed to be constant over time. To determine the total flux of an element of interest, equation 1 is summed over all mineral phases.
To examine the applicability of this model on the landscape scale in a region with climatic and tectonic gradients, we used the measured dissolved Si fluxes, spatially extrapolated (U-Th)/He-based basin exhumation rates, and spatially calculated depth to bedrock values (based on depth/slope relationship) for each of the twelve catchments as discussed above. The input parameters we used are as follows. First, in this model of chemical weathering we use a starting mineralogical composition similar to the Snoqualmie granodiorite [25% quartz, 10% orthoclase feldspar, 50% plagioclase feldspar (Ca/(CaϩNa) ϭ 0.37), 8% hornblende, and 7% biotite; Erikson, 1969] . Second, because experimentally derived mineral dissolution rates are often two to four orders of magnitude faster than field-derived rates, we chose to treat individual mineral dissolution rates and surface areas as free parameters that must lie within the range of observed field-based rates. We chose initial A i and k i values within the mid-range of measured field values for granodioritic terrain. We then used the spatially extrapolated rate of rock uplift/exhumation and depth to bedrock at each 30 by 30 m area of the landscape to calculate the expected chemical flux (mol m Ϫ2 yr
Ϫ1
) from the weathering of the Snoqualmie granodiorite and all its constituent minerals at each portion of the landscape. By summing the expected dissolved Si flux from all silicon-bearing mineral phases at each of these m 2 spots on the landscape, we calculated total catchment annual dissolved Si fluxes. A i and k i were then optimized for each Si-bearing mineral phase to reduce the misfit between observed and predicted catchment Si fluxes using a least-squares nonlinear inversion method (Dennis, 1977) . This optimization required that each mineral dissolution rate for the field area must be in rough agreement with the Goldich weathering sequence (Goldich, 1938) , which states that the general order of mineral weathering proceeds from the least stable to most stable minerals. The optimized rate constants (k i ) and surface areas (A i ) generated in this process fall in the middle of observed field mineral weathering rates for all minerals but quartz, which sits at the low end of field-measured dissolution rate (table 3) .
Comparison of measured Si fluxes with predicted fluxes based on our optimized rate constants and surface area shows a good fit between observed and predicted fluxes (R 2 ϭ 0.64; excluding outlier at MH-17) which attests to the general, if imperfect, ability of this weathering model in predicting Si fluxes on a landscape scale ( fig. 6 ). Although climatic factors such as precipitation/runoff and temperature clearly affect chemical weathering rates (Velbel, 1993; White and Blum, 1995; Gaillardet and others, 1999; Oliva and others, 2003) and these parameters influence the depth to bedrock ( fig. 4) , in the Washington Cascades long-term exhumation/erosion is the best predictor of silicate mineral weathering fluxes. This conclusion is consistent with field studies (Riebe and others, 2001b ) that show that in tectonically active areas, chemical weathering rates are more strongly controlled by rock erosion/exhumation than by climatic factors. That said however, one of the limitations to applying this model to different weathering environments is in the use of estimates of depth to bedrock within a landscape. As discussed previously, the depth of the zone in which active weathering occurs can be highly variable, ranging from centimeters to tens of meters in depth. In the absence of chemical analyses of drill cores, it is difficult to fully characterize the depth of the zone generating chemical fluxes in our model of depth to bedrock. In spite of this limitation, we show that we are broadly able to predict weathering fluxes throughout the Skykomish catchment using the optimized rate constants, exhumation/ erosion rates, and depth to bedrock estimates for this area ( fig. 6) . Thus, the strength of this model rests in its ability to capture broad relationships between weathering rates, tectonic uplift, and the depth of the zone of weathering.
Predictions and Implications of Weathering Model
There are two predictions that can be made from the steady-state chemical weathering model that we calibrated using data from the Skykomish catchment. First, it is possible to define areas of a landscape that are reaction-limited and supply-limited. In Waldbauer and Chamberlain (2005) the effective surface age () is a key determinant of the chemical flux from a landscape. This term encompasses both the rate of tectonic uplift and weathering zone depth within a single term that reflects the residence time of rock within a zone of weathering. However, combining these two terms into a single variable () makes it difficult to examine how variations in one of these two parameters influences chemical fluxes at the extremes of low and high rates of tectonic uplift. Separation of these two terms allows us to place quantitative bounds on transport-limited and weathering-limited erosional regimes (Kirkby, 1971; Stallard and Edmond, 1983) and redefine them in terms of supply-limited and reaction-limited chemical weathering states (Hilley and others, unpublished data) . By analyzing the time a given portion of rock remains within the weathering zone (ZU Ϫ1 ) relative to the time-scale of the chemical weathering reaction process (A i Ϫ1 k i Ϫ1 ), this model allows prediction of the flux of weathered product from a landscape. A i Ϫ1 k i Ϫ1 can be thought of as a measure of the ratio of reactant to product (with units of time) and may be used to calculate the lifetime of a molar quantity of a reactant (for example the lifetime of a quartz grain). We define the ratio of these time-scales as t* ϭ kAZ/U. When the Cary, 1990. 1057 weathering rates in the Washington Cascades: Field measurements and model predictions weathering reaction time-scale is much shorter than the residence time of rock in the soil column, t* 3 0 and F pi ϭ Zk i A i q oi . Thus, for areas of a landscape dominated by thin weathering zones and rapid surface uplift or erosion, the flux of weathering reaction products are limited by reaction kinetics, weathering zone thickness, and abundance of reactant mineral in the underlying bedrock. Hence, this state is defined as reaction-limited (Hilley and others, unpublished data). Conversely, when rock uplift/ erosion rates are low and weathering zones are thick, t* 3 ϱ and F pi ϭ Uq oi . In this case, weathering fluxes are limited by the supply of fresh bedrock into the weathering zone and depend only on the tectonic/erosional conditions and bedrock composition of a given area. Thus, we refer to this condition as supply-limited (Hilley and others, unpublished data). Between these two end-member states, the flux of weathering products will be determined by those factors that regulate the supply of rock to the weathering zone and those that control the reaction kinetics ( fig. 7) .
Using the calibrated weathering model it is possible to constrain the Skykomish basin with respect to reaction-and supply-limitation. Our analysis suggests that the twelve catchments examined here lie within the transition zone between reactionlimited and supply-limited weathering regimes ( fig. 7 ) despite the range of uplift/ exhumation rates for this area. However, portions of a landscape may exist in supply-or ) and thin weathering zones (Ͻ1 m) are predicted to be close to a reaction-limited state because the supply of rock exceeds the ability of the system to chemically weather the rock. As a result, weathering fluxes from these areas may be affected by climatic perturbations such as temperature change or the development of strong precipitation gradients, while further increases in the rate of rock uplift or erosion in these areas may only result in increased rates of physical weathering and sediment storage. In contrast, areas with low rates of uplift/erosion and thick weathering zones (Ͼ1 m) are predicted to be supply-limited and thus show exclusive weathering rate dependence on any changes in the rate of supply of weatherable material. Therefore, weathering rates in these areas of a landscape may be affected by sediment removal and increased erosion rates and less strongly impacted by climatic perturbations. Within the transition between these two states, weathering fluxes are expected to increase with increasing rates of rock supply and weathering zone depth. Second, the model predictions have implications with regard to the role of weathering of Ca-and Mg-bearing silicate minerals on the regulation of CO 2 in the atmosphere, both at the landscape-and global-scale. Based on the Urey reaction (Urey, 1952) , for every mole of Ca-or Mg-silicate mineral that weathers on the Earth's surface and forms Ca-or Mg-carbonate in the oceans, a mole of CO 2 is sequestered from the atmosphere. Using the Urey equation and equation 1 with the calibrated values of k i , A i Fig. 7 . Plot of the predicted log Si flux (mol ha Ϫ1 yr
Ϫ1
) for the weathering of granodioritic terrains with a range of exhumation/erosion rates and weathering zone (depth to bedrock) thicknesses. A i and k i vaules from table 2 used. Colored lines indicate the expected log Si flux for a given exhumation/erosion rate and weathering zone depth. Colored diamonds represent weathering fluxes measured in this study from the central Cascades. Areas of high exhumation/erosion and thin weathering zones are characterized as reaction-limited and areas of low exhumation/erosion and thick weathering zones are characterized as supply-limited. and the appropriate stoichiometry for the silicate weathering reactions, we can use our spatially extrapolated rock uplift/erosion rate and weathering zone thicknesses across the Skykomish watershed to calculate the flux of individual elements such as Si, Ca 2ϩ and Mg 2ϩ from the weathering of the minerals that comprise granodiorite. This can then be used to predict the spatial distribution of the flux of Ca 2ϩ and Mg 2ϩ from silicate mineral dissolution. This calculated flux provides an estimate of the potential for net atmospheric CO 2 consumption by silicate weathering in the basin ( fig. 8) . Importantly, this calculation of potential CO 2 drawdown assumes that all Ca 2ϩ and Mg 2ϩ released from the weathering of silicates within the landscape is ultimately precipitated as carbonate in the ocean. Our calculations of net CO 2 drawdown potential over the watershed shows long-wavelength areas of CO 2 drawdown that result from increased rock uplift/erosion rates ( fig. 8 ). However, a significant portion of the landscape also shows short-wavelength areas of CO 2 drawdown along valley bottoms that are related to changes in inferred weathering zone thickness.
While it is beyond the scope of this paper to map out predicted net CO 2 drawdown potential by silicate weathering globally, the calibrated model of silicate weathering and calculated net CO 2 drawdown plot of the Skykomish basin shows that silicate weathering rates and CO 2 consumption potential by weathering should vary dramatically on a landscape scale in response to varying erosional/tectonic conditions and weathering zone depths. Thus, an important inference that comes from this work is that chemical weathering rates in portions of a landscape dominated by low rates of uplift/erosion and thick weathering zones are governed by the supply of weatherable material. In contrast, chemical weathering rates in areas of a drainage with rapid rates of rock supply and relatively thin weathering zones are reaction-limited. In the first case, the potential for any increase in net CO 2 consumption by weathering will depend upon only the rate of supply of weatherable material and the bedrock composition, whereas in the second, the CO 2 consumption potential will depend on reaction kinetics, bedrock composition, and weathering zone depth. If these regions are perturbed by any changes in climate and/or rock supply their weathering fluxes and resultant effect on the carbon cycle will change accordingly.
conclusion
We measured Si and base cation fluxes from twelve catchments in the western Washington Cascades to examine the relationship between chemical weathering fluxes and long-term exhumation. We show that in this area, silicate weathering is strongly correlated with long-term exhumation rates and only weakly or not at all with climatic variables. We use measured Si flux data, estimated basin average depth to bedrock and long-term erosion rates to calibrate and test a steady-state chemical weathering model that emphasizes the role of tectonics in supplying rock to a zone of weathering. We show that separation of two key variables in this model: depth to bedrock (weathering zone depth) and uplift rate allows us to quantitatively evaluate the effects of tectonics and climate (through control of weathering zone depth) on chemical weathering in the Washington Cascades and as such, define weathering regimes that are reactionlimited and supply-limited. Changes in chemical weathering rates in these two weathering regimes will be through climate perturbations in tectonically active areas of a landscape or perturbations to the supply of fresh bedrock in regions of lower rates of uplift.
